strains circulating in Kenya and Sudan were most similar, both in terms of nucleotide sequence and pathogenic nature, to viruses isolated in Egypt and in Nigeria in 1983/1984 and they were quite distinct from an East African isolate (RBT-1) from the 1960s. Two older isolates of the virus, the Japanese avianized/ lapinized vaccine strain dating from the 1930s and the Old Kabete strain dating from 1911, each differed considerably from the other viruses. The sequence data were derived from the region where the precursor protein is cleaved to yield the biologically active F1/F ~ heterodimer; all strains analysed had a highly basic connecting peptide which is required for efficient cleavage by endogenous host cell proteases. No correlation was found between amino acid changes at this site and the rinderpest virus pathogenicity unlike the association reported for Newcastle disease virus.
Rinderpest virus (RPV) is an economically important
pathogen infecting many species of the order Artiodactyla (Scott, 1959; Plowright, 1968) . RPV is classified along with measles virus, canine distemper virus, phocine distemper virus and peste des petits ruminants virus in the Morbillivirus genus, a subgroup of the family Paramyxoviridae (Pringle, 1991) . These viruses have an unsegmented, single-stranded linear RNA genome of negative polarity, approximately 16 kb in length. The virions are composed of a lipid envelope stabilized by the viral matrix protein with surface projections which surrounds a firmly structured helical nucleocapsid. The lipid envelope is derived from the host cell as the virus buds from the cell membrane and the projections consist of two virus-coded glycoproteins: the haemagglutinin protein which functions to attach the virus particle to the host cell and the fusion (F) protein which mediates fusion of the envelope to the host cell membrane or fusion between an infected cell membrane and an adjacent cell membrane.
The fusion protein in all paramyxoviruses is synthesized as a precursor F 0 protein which is cleaved by host cell proteases to produce the biologically active form, a disulphide-linked heterodimer F1/F 2 (Scheid & Choppin, t Present address: Department of Microbiology and Cell Biology, Indian Institute of Science, Bangalore 560012, India 1977). Consequently, infection and spread of the virus are dependent on cleavage of this glycoprotein. This suggests that host range, tissue tropism and pathogenicity of the virus are dependent on the availability of the appropriate activating protease in the host cell or the extracellular environment. We investigated the nucleotide sequence of this part of the fusion protein gene in a range of rinderpest virus isolates, with known differences in pathogenicity and from widely dispersed geographic locations, to see whether alterations in the amino acid sequence at this site could explain the virus phenotype and if different lineages of the virus could be identified. In this report we show that the amino acid sequence at the cleavage site is not altered in different strains and cannot explain the differences in pathogenicity. However, sequence variation revealed different lineages of the virus which could be grouped according to geographical origin and this also reflected their reported pathogenic nature.
Viruses were grown on Vero cells (Flow Laboratories) maintained in Eagle's MEM supplemented with antibiotics and 5 % fetal calf serum. Infections were carried out at a low m.o.i. (< 1.0 TCIDs0/cell ) and cells were harvested when extensive c.p.e, had developed. The viruses used in this study were of diverse pathogenicity and geographical origin. Ten field isolates of rinderpest virus and two attenuated vaccine strains were examined. The RBT-1 strain was recovered from sick cattle in Tanzania in 1960 and caused only a mild disease in experimentally infected cattle (Plowright, 1963) ; Nigeria/buffalo/83 was isolated from buffalo during an outbreak of rinderpest in 1983; Egypt 1/84 was recovered from infected cattle in Egypt in 1984 (Taylor, 1986) ; RBK/Marsabit/87/1 and RBK/Kiambu/88/1 were recently isolated from sick cattle in Kenya (Wamwayi et al., 1992) and have been shown to be of low virulence in cattle; RBS/Wakobu/92/1 was isolated from cattle in Sudan; RPV/Saudi and RPV/Oman were two isolates recovered in the Middle East in the early 1980s which are highly virulent in cattle (Taylor, 1986) ; RPV/India/ Bison/89/1 was obtained from a post-mortem mesenteric lymph node tissue sample taken from an Indian bison (Bos gaurus), at the Muthodi wildlife park in Southern India, where rinderpest was suspected as the cause of death. Nothing is known of the pathogenic potential of this virus. The sequence of this strain was deduced by sequencing a PCR DNA product derived from RNA isolated from post-mortem lymph node tissue since live virus was not isolated. The RBOK vaccine strain was derived from the Old Kabete (Kabete O) strain of rinderpest originally isolated in 1911 and maintained by passage in cattle (Plowright & Ferris, 1959) . The virus was attenuated for cattle and used as a vaccine after more than 90 serial passages in primary bovine calf kidney cells (Plowright & Ferris, 1962) . All viruses that were grown in tissue culture were originally isolated from primary bovine calf kidney cells and then grown in Vero cells for laboratory use. The complete F gene sequence of the RBOK vaccine showed a 99 % identity with that of the virulent Kabete O parent virus despite more than 90 passages in primary bovine kidney cells and several passages in Vero cells.
RNA was extracted directly from either the infected Vero cell monolayers or the tissue sample using the method described by Chomczynski & Sacchi (1987) . Reverse transcription and PCR amplification reactions were carried out on the RNA as described by Doherty et al. (1989) and modified by Haas et al. (1991) . The PCR reaction products were extracted once with chloroform to remove the mineral oil overlay and then precipitated with 2"5 volumes of ethanol. The DNA pellet was resuspended in 28 gl of water and the fragment ends were phosphorylated following the addition of 5 gl of 10 x kinase buffer (0.5 M-Tris-HC1 pH 7.6, 0.1 M-MgC12, 50 mM-DTT, 1 mM-spermidine, 1 mM-EDTA), 2 gl of 10 mM-dATP and 20 units of T4 polynucleotide kinase. The reaction was allowed to proceed for 30 min at 37 °C and this was followed by phenol extraction and ethanol precipitation. The cDNA pellet was resuspended in 28 gl of water and the fragments were end-repaired by the addition of 3 gl of TM buffer (100 mM-Tris-HCl pH 8.5, 50 mM-MgC12), 2 gl deoxynucleotide solution (2-5 mM each dNTP) and 1 gl T4 DNA polymerase followed by incubation for 10 min at 37 °C. The reaction mixture was phenol-extracted and loaded directly on to a 0"8 % lowmelting-point (LMP) agarose gel. The amplified DNA fragment of predicted size was extracted from the LMP agarose and ligated overnight at 12 °C into the Sinai site of pKS + Bluescript (Stratagene). The plasmids were used to transform Escherichia coli cells (strain DHSa) and positive colonies were detected following hybridization with a a2P-labelled F gene probe derived from the RBOK strain (data not shown). DNA was prepared from these colonies and the DNA inserts were analysed by digestion with EcoRI and BamHI followed by etectrophoresis on a 1.0 % agarose gel.
Plasmids that contained the insert of the correct size were sequenced using the dideoxynucleotide chain termination method as described for use on dsDNA by Murphy & Kavanagh (1988) using the M13 universal forward and reverse primers and internal primers F3a (mRNA sense: 5' CCAATCAAGTCCAC 3') and F4a (vRNA sense: 5' TGGCCCATTGCAGGTAC 3') based on the sequence from the RBOK vaccine strain (Evans, 1991) . At least two recombinant plasmids were sequenced for each virus strain. The nucleotide sequence derived from each virus was compared with the published F gene sequences of other rinderpest virus strains, the Japanese lapinized vaccine (Tsukiyama et al., 1988) , virulent Kabete O (Hsu et al., 1988) and the RBOK vaccine derived from it (Evans, 1991) . The complete F protein gene is approx. 2.4 kb with an open reading frame coding for 546 amino acids of which the first 108 form the F 2 protein. The region of the gene analysed, excluding the primer sequences, comprised nucleotides 839 to 1160 relative to the F gene of the RBOK vaccine strain. The sequences, shown in the message sense, are aligned with the sequence of the RBOK vaccine strain in Fig. 1 (a) . Between 25 and 36 nucleotide differences were found when compared with the reference strain. In contrast, the published sequence of the vaccine parent virus (virulent Kabete O) differed by only three nucleotides in the region analysed. The majority of nucleotide changes relative to the RBOK vaccine strain sequence were transitions. The primer sequences were excluded from the alignment and the nucleotide forming the first base in the aminoterminal codon of the F 1 protein is located at position 72 in the figure.
The predicted amino acid sequences revealed several amino acid coding changes (Fig. 2b) . In the case of Kabete O all three nucleotide differences resulted in amino acid changes. In the case of the other isolates the majority of the nucleotide changes were in the third base position of a codon thus resulting in a relatively small number of amino acid differences overall. The first 30 amino acids, forming the amino terminus of the F 1 polypeptide (beginning at amino acid 24 in Fig. 1 ID  20  30  40  50  60  70  80  90  i00  ii0  120   T C GC T C T GGACGCCATTAC  TAAGAATATAAAACCAATCAAGAG  T TCCAC  TAC CAG TAGGAGACACAGAAGGTT  C GCAGGGG  T CG T T T TGGCT~  T~  TC TC~G  T Pairwise comparisons were performed using the PHYLIP phylogeny package (Felsenstein, 1990 ). This analysis revealed two distinct rinderpest virus lineages, an African and an Asian, in the field isolates from the past 12 years (Fig. 2a) . The highly virulent Middle Eastern isolates, RPV/Saudi and RPV/Oman, formed one group and these were more related to the recent Indian virus than to the African viruses. The less pathogenic Nigerian, Egyptian, Sudanese and Kenyan isolates formed a second group. All the older viruses were very distinct from each other and from the more recent isolates. The resulting dendrogram confirmed the very close relationship between RBOK vaccine strain and Kabete O. The Tanzanian isolate from the 1960s is very different in nucleotide sequence from the current African viruses and this confirms the differences noted previously in the virus-induced protein pattern (Diallo Short communication (a) Nucleotide difference (%) Amino acid difference (%) Fig. 2 . Computer-generated dendrograms showing the relationship between the different isolates of rinderpest virus. Pairwise comparisons of nucleic acids (a) and amino acids (b) were performed by assigning each base substitution an equivalent statistical weight and a phylogenetic tree was constructed by the Fitch-Margolash and least-squares methods using the KITSCH and PLOTGRAM programs, both from the PHYLIP phylogeny package (Felsenstein, 1990 (Felsenstein, ). et al., 1987 . The Kenyan (RBK/Kiambu/88/1) virus has a protein pattern indistinguishable from that of the Egyptian isolate from 1984 (data not shown). The variation seen between the nucleotide sequence of the complete protein coding region of the F genes of Kabete O and the Japanese vaccine strains is about 10 % . This reflects the variation seen when only the sequences around the F1/F 2 cleavage site were compared and so comparisons in this region should reflect the overall differences between the F genes of each strain.
A dendrogram derived using the amino acid sequences from this region gave essentially the same pattern of relationships, except that the Japanese vaccine strain and the RBT-1 virus showed a closer relationship to the current Asian isolates (Fig. 2b) . In both the nucleotide and the amino acid sequence comparisons the Kabete O virus and the RBOK vaccine strain were slightly more related to the Asian virus isolates. The Kabete O strain is a very old isolate, dating from 1911, and it may be representative of the virus that was responsible for the devastating African panzootic at the end of the last century which was caused by importation of cattle from India to Abyssinia as provisions for European troops. The virus was quickly eradicated from Southern Africa but an enzootic focus remained in East Africa until the 1960s (Plowright, 1982) . It is clear from data presented here that recent rinderpest virus isolates can be grouped according to their geographic origin but they can not be grouped according to their reported pathogenic potential. Both experimental data and field reports of rinderpest outbreaks indicate differences in the pathogenic nature of different virus isolates, despite there being only one serotype. The Saudi and Omani isolates are extremely virulent for cattle causing up to 100% mortality in susceptible animals, whereas the current African isolates are considered to be milder strains, as was the Egypt/84 virus, causing approximately 40% mortality in infected cattle (Taylor, 1986; Wamwayi et al., 1992) . The Indian isolate used in this study was most closely related to the virulent Middle Eastern isolates but was reported to be a mild field strain and the older African isolates (Kabete O and RBT-1), which differ in their pathogenicity in cattle, are closer to the Asian viruses than the current African ones. The current African viruses may be derived from strains introduced into Egypt and North Africa from Europe or the Middle East in the early part of the last century before the great African panzootic. Pathogenicity was also not found to be correlated with the amino acid sequence around the F1/F 2 protein cleavage site as in the case of Newcastle disease virus. The double paired basic amino acid arrangement necessary for efficient cleavage in the host cell during synthesis was found in all rinderpest viral strains examined. In contrast, the corresponding region of avirulent strains of Newcastle disease virus consisted of single basic amino acids scattered among uncharged residues whereas, without exception, the cleavage sites of virulent strains were found to have two pairs of basic amino acid residues with an intervening glutamine residue (Toyoda et al., 1987; Glickman et al., 1988) . Pathogenic determinants in rinderpest virus will probably turn out to be multifactorial. It is possible that previous passage of rinderpest virus in wildlife species can attenuate it for cattle but that it regains its pathogenicity on passage in cattle, presumably by selection of genotypes pathogenic for cattle (Plowright, 1963) .
Nucleic acid sequencing studies have revealed comparable genetic heterogeneity in many RNA viruses. Within the paramyxovirus family this was first shown to be the case for the attachment gene of six clinical isolates of human parainfluenza type 3 (van Wyke Coelingh et al., 1988) . Subsequently the fusion protein genes of 15 North American clinical isolates were sequenced and two distinct lineages were found which to some extent reflected the decade in which the viruses were isolated (Prinoski et al., 1992) . Sequence data for the attachment protein gene from 13 strains of Newcastle disease virus revealed the existence of three distinct lineages which correlated with differences in virulence and geographical location ). This correlation was later supported by sequence data for the F gene of the same isolates (Toyoda et al., 1989) .
The F gene sequence derived by using the PCR DNA product from the Indian bison tissue sample demonstrated that valuable epidemiological information can be obtained directly from field samples, avoiding the necessity for adapting the virus to grow in tissue culture before it can be characterized. Some rinderpest virus isolates do not grow well in tissue culture and it is a particularly difficult problem to isolate virus if the tissue sample submitted for analysis has suffered some decomposition or if high levels of antibody are present in the tissue. Also co-infections with clinically non-relevant viruses that can grow easily in tissue culture can prevent morbillivirus isolation (Haas et al., 1991) . In future, newly derived rinderpest virus sequences can be compared with those already in the database and this should enable a more precise back-tracing of the source of virus in areas previously free of rinderpest and also should indicate the occurrence of new virus biotypes in endemic areas. For example the recent Kenyan and Sudanese rinderpest virus isolates are closely related to a virus previously found in Egypt and this may represent a mild strain of the disease now circulating in Eastern and North East Africa. The current virus is clearly not the same as the old Tanzania isolate which might have remained undetected in wildlife populations in East Africa during the period in which Kenya was free of rinderpest in domestic animals. It is also evident that the strains of rinderpest virus circulating in countries of the Middle East did not have their origins in Africa. Our evidence supports the suggestion based on comparisons of clinical evaluations of virulence by Taylor (1986) that these strains originated from India. The use of these molecular techniques will greatly extend our understanding of the epidemiology of rinderpest.
